The friction stir spot welding (FSSW) method has four welding parameters: the welding tool rotational speed, tool plunge rate, tool plunge depth, the dwell time and tool retract delay. The effects of these welding parameters on joint formation and weld strength of polypropylene friction stir spot of welds were investigated. The effects of welding parameters on welding joint formation were determined by metallographic studies. The strength of welds were determined by the lap-shear test. From the experiments, it was found that the tool plunge rate had no effect on FSSW of polypropylene sheets. The effects of other important welding parameters were clearly discovered.
INTRODUCTION
Spot welding is a very common joining technique in the automotive industry (Aslanlar et al., 2008) . This welding process is widely used in the joining of sheet metal assemblies due to its advantages on welding efficiency and its suitability for automation (Goodarzi et al., 2008) . Global trends force the automotive industry to manufacture lighter, safer, more environmentally friendly and ultimately cheaper vehicles (Blawert et al., 2004) . Reduction in vehicle weight can be obtained by replacing conventional steels and cast irons with advanced high strength steels and light weight materials, such as aluminium, magnesium and reinforced polymer composites (Davies, 2003) . These new automotive materials, however, have limited weldability characteristics which require improvements both in conventional welding processes and new welding techniques (Matsuyama, 2006) .
In 2001, friction stir spot welding (FSSW) was developed in the automotive industry to replace resistance spot welding for aluminium sheets (Lin et al., 2008) . The FSSW process consists of three phases; plunging, stirring and retracting as shown in Figure 1 (Lin et al., 2008) . The process starts with the spinning of the tool at a high rotational speed. Then the tool is forced into the workpiece until the shoulder of the tool plunges into the upper workpiece. The plunge movement of the tool causes material to expel as shown in Figures 1a and b .
When the tool reaches the predetermined depth, the plunge motion ends and the stirring phase starts. In this phase, the tool rotates in the workpieces without plunging. Frictional heat is generated in the plunging and the stirring phase and, thus, the material adjacent to the tool is heated and softened. The softened upper and lower workpiece materials mix together in the stirring phase. The shoulder of the tool creates a compressional stress on the softened material. A solid-state joint is formed in the stirring phase. When a predetermined bonding is obtained, the process stops and the tool is retracted from the workpieces. The resulting weld has a characteristic keyhole in the middle of the joint as shown in Figure 1c .
FSSW has been succesfully applied to aluminium (Merzoug et al., 2010) , magnesium (Chen and Nakata, 2009 ) and steel (Khan et al., 2007) sheets, but there are very few publications on polymer FSSW applications (Gan et al., 2010; Arici and Mert, 2008; Oliviera et al., 2010; Filho et al., 2011; Bilici et al., 2010) . Thus, this study was intended to explain the FSSW properties of polypropylene sheets. FSSW parameters such as the tool rotation speed, the plunge rate, the plunge depth and the dwell time are found to affect the FSSW nugget formation and the weld strength in metals (Santella et al., 2006) .
Based on the observations of the FSSW macrostructures, the weld zone of a FSSW joint is schematically shown in Figure 2 . From the appearance of the weld cross section, two particular points can be identified Badarinarayan et al., 2007) . The first point is the thickness of the weld nugget (x) which is an indicator of the weld bond area (Figure 2b ). The weld bond area increases with the nugget thickness. The second point is the thickness of the upper sheet under the shoulder indentation (y). The size of these mentioned points determine the strength of a FSSW joint Badarinarayan et al., 2007) . There are numerous papers concerning the FSSW parameters which affect the joint geometry and the weld strength Yang et. al., 2010; Karthikeyan and Balasubramanian, 2010; Tran et al., 2009) .
MATERIALS AND METHODS
In this investigation, 4 mm thick polypropylene sheets were used. Figure 3 shows a lap-shear specimen used to investigate the FSSW under shear loading conditions. The specimens were welded in a milling machine. A spot weld joint was obtained in the middle of the specimen. In order to develop the FSSW tests, a properly designed clamping fixture was utilized to fix the specimens. Figure 4 shows a magnified cross sectional view of the tool used in the welding. The tool was machined from SAE 1050 steel and heat treated to a hardness of 40 HRC. The rotating tool plunged into the workpieces with a certain plunge rate down to the required depth at an accuracy of ±0.02 mm. The stirring phase of the FSSW started with the completion of the tool plunging. In this phase, the tool rotated without plunging. The duration of this phase is called the dwell time. Upon reaching of the predetermined dwell time, the rotation of the tool was immediately stopped. All the welding operations were done at the room temperature.
In temperature determining tests, the temperature of the weld joint was measured with an infrared thermometer. In a temperature measurement test, the tool was retracted immediately with the end of the dwell time and in other welding operations the tool stayed in the workpiece for 30 s with the end of the stirring phase and then it was retracted. In tool retract delay effect tests the tool waited 10 to 60 s in the weld zone after the end of the dwell time and then it was retracted. At each welding condition 6 lap-shear test specimens were produced. Five (5) of them were mechanically tested and the sixth one was metallographically examined.
Welded lap-shear specimens were tested on an Instron machine at a constant crosshead speed of 5 mm/s. The fracture load was recorded in the test. The lap-shear strength was obtained by averaging the strengths of 5 individual specimens, which were welded with identical welding parameters.
Weld cross section appearence observations of the joints were done with a video spectral comparator at 12.88X magnification. For macro structure studies, thin slices (30 µm) were cut from the welded specimens using a Leica R6125 model rotary type microtome. These thin slices were investigated using VSC-5000 model video spectral comparator. The photographs of the cross sections were obtained.
RESULTS
Temperature measurement and lap-shear test results were given graphically. In each graph, constant welding parameters were also indicated. The macrostructures of the welds are given behind the weld strength graphics. Thus, the effect of a welding parameter on joint formation and weld strength was clearly explained.
The effect of dwell time on the temperature of the weld zone is shown in Figure 5 . The temperature in the weld zone increased with the duration of the dwell time. The temperature reached its maximum level (190°C) at 60 s. After 60 s, the temperature did not alter with the dwell time. The melting temparature of polypropylene is about 171°C (Mark, 1999) . So the material of the weld zone was melted.
The effect of tool retracting delay on the weld cross section is shown in Figure 6 . The cross section geometry of the weld joint depends upon the waiting time of the tool after the end of the dwell time. When the tool was immediately retracted, the joint did not show the characteristic keyhole (Figure 6 a) . The joint that had a 30 s tool waiting time after the dwell time shows the characteristic keyhole (Figure 6b ). The effect of tool delay time on weld strength is shown in Figure 7 . The weld which did not have a tool retract delay has the lowest strength. The weld strength increased with the tool delay. Maximum weld strength was obtained with a 20 s tool delay. The delay time which is longer than 20 s has no effect on the weld strength. Figure 8 shows the effect of dwell time on lap-shear tensile strength of FSSW joints. Increasing the dwell time from 30 to 60 s resulted in a linear progress in the strength of the welds. From 60 to 120 s of dwell time, there was a slight increase in the weld strength. The maximum tensile force was obtained with the 120 s dwell time. The weld strength decreased with the dwell time which is longer than 120 s. The effect of the dwell time on weld cross sections is shown in Figure 9 . The nugget thickness increased with the dwell time. There is not a distinguished difference in the upper sheet thickness of the joints. Figure 10 shows the effect of tool rotational speed on the weld strength. Only the tool rotational speed was allowed to vary in these experiments. The lowest strength was obtained at the 650 rpm speed. At this speed, a weak joint was obtained. The strength of the joint increased with the tool rotational speed. The peak strength was obtained at the 900 rpm speed. The weld strength decreased slightly with increase in the rotational speed beyond the 900 rpm tool rotational speed. The effect of tool rotational speed on weld joint is shown in Figure 11 . In these joints, only nugget thickness varied. The thickness increased with the tool rotational speed. Figure 12 shows the effect of the tool plunge depth on the strength of the joints. In these tests only plunge depth varied between 5.6 to 7.0 mm. At the 5.6 mm plunge depth, a low strength was obtained. The strength of the joint increased with the plunge depth. The maximum strength was obtained at the 5.7 mm plunge depth. The strength of the joint decreased with increase in the plunge depth more than 5.7 mm. The effect of the plunge depth on the joint cross section is shown in Figure 13 . In these weld nugget thickness increased and the upper sheet thickness dicreased with the plunge depth. The minimum upper sheet thickness and maximum nugget thickness was obtained with the 7.0 mm tool plunge depth. Figure 14 shows the effect of the plunge rate on the strength of joints. Figure 14 shows that the tool plunge rate has a negligible effect on FSSW of polypropylene sheets. Although, the plunge rate was increased up to twelve folds, the weld strength changed only within experimental scatter limits. Figure 5 shows the effect of the dwell time on the temperature of the weld zone material. The temperature 952 Sci. Res. Essays of the material increased with the dwell time. The friction heat produced in the vicinity of the tool increased with the dwell time (Ma et al., 2009) , so the temperature of the material increased as shown Figure 5 . The temperature of the material reached the melting temperature (171°C) with a 50 s dwell time. The temperature rose up to 190°C with 60 s dwell time and it did not change with extended dwell time. Similar over melting temperatures were calculated in friction stir welding of HDPE sheets (Bilici et al., 2011; Aydın, 2010) . If the tool retracted with the end of the predetermined dwell time, the liquid filled the space of the pin as shown in Figure 6a . If the pin retracted with 30 s delay, the liquid in the vicinity of the pin cooled and solidified with the keyhole as shown in Figure 6b . The the material around the tool melts, joins in the liquid state and then it solidifies.
DISCUSSION
The dwell time is very important in FSSW of metals (Merzoug et al., 2010) . The friction heat increases with the dwell time (Awang et al., 2005) . The amount of friction heat produced in the weld area determines the size of the joint. A big weld bond area is produced with a high friction heat (Ma et al., 2009 ). Figure 9 shows the effect of dwell time on the joint cross section. The thickness of the upper sheet did not alter with the dwell time but the nugget thickness increased with the dwell time. The nugget thickness was 8.1 mm for the 60 s dwell time and it enlarged to 9.0 mm for the 240 s dwell time. There is a direct relationship between the nugget thickness and the weld bond area . The weld bond area determines the strength of a weld in metals . The joint strength increases with the weld bond area (Santella et al., 2006) . Figure 8 shows the effect of dwell time on lap-shear fracture load. A very weak weld strength was obtained with the 30 s dwell time. The nugget thickness of this weld was about 2.0 mm. The very small bond area of this weld caused a very low fracture load. The strength of the weld increased with the dwell time as shown in Figure 8 . The increase in the joint strength was due to the increase of the weld bond area (Figure 9 ). The maximum weld strength was obtained with 120 s dwell time. When the dwell time exceeded 120 s the weld strength decreased. For example, only 3400 N weld fracture load was obtained with the 240 s dwell time. Although this weld had a thicker nugget than the 120 s weld (Figure 9 ), its fracture load was 880 N less than the other. The reason of this strength difference is due to the mechanical scission (Costa et al., 2005) . Mechanical scission lowers the strength of a thermoplastic material (Capone et al., 2007) . If a thermoplastic material is heated to a high temperature and then a high pressure is applied to it, a decrease in the molecular weight of the material occurs. The mechanical properties of thermoplastics decrease with lowering the molecular weight (Lim et al., 2004) . In FSSW, the welding tool produces a compressive pressure in the weld zone . The material in the weld area is liquid in polypropylene FSSW as explained earlier. In this study, only the outer temperature of the weld area was measured. In these tests not very high temperatures were measured. But some authors measured very high temperatures in the vicinity of the tool pin (Oliveria et al., 2010; Aydin., 2010) . A high material temperature and a high tool pressure caused mechanical scission in thermoplastic friction stir welding (Bozzia et al., 2010) . A smilar mechanical scission occurred in polypropylene FSSW which lowered the weld strength as shown in Figure 8 . Figure 10 shows the effect of tool rotational speed on the weld strength. The lowest strength was obtained at the 560 rpm tool rotational speed. The weld strength increased with the rotational speed from 560 to 900 rpm. Figure 11 shows the effect of the tool rotational speed on weld cross section. The friction heat produced in the weld zone increased with the rotational speed. The high friction heat affects the nugget formation. The tool speed has a negligible effect on the thickness of the upper sheet. It has an important effect on the weld nugget thickness. The nugget gets thicker with the tool rotational speed. Optimum weld strength was obtained with the 900 rpm tool speed. The weld strength decreased with increasing the tool speed over 900 rpm. There are two reasons to explain the decrease of the weld strength.
One of them is the mechanical scission which was Kurtulmuş 955 already explained earlier. The second reason is the residual stresses of the welding procedure. Residual stresses are being created in FSSW joints (Bozzia et al., 2010) . Especially the residual stress of the upper sheet was important for the weld strength. The residual stresses decrease the load carrying capacity of the weld (Bozzia et al., 2010) . The residual stress of the upper sheet increases with rotational speed which result as a low strength. The stirring effect of the pin increases with the tool rotational speed (Ma et al., 2009) . High residual stresses decrease the weld strength. Figure 12 shows the effect of the tool plunge depth on the strength of the FSSW joints. At the 5.6 mm plunge depth, a low weld strength was obtained. The weld strength increased with the plunge depth. The maximum weld strength was obtained at the 5.7 mm plunge depth. Then the joint strength decreased with the plunge depth. The effect of plunge depth on weld nugget formation is shown in Figure 13 . The inner diameter of the keyhole increased with the plunge depth because a tapered cylindrical pin tool was used in welding. The weld thickness increased but the thickness of the upper sheet decreased with the plunge depth. The pressure of the tool increased with the tool plunge depth (Ma et al., 2009) . The friction heat produced in the weld area increased with the tool pressure (Awang et al., 2005) and thicker weld nuggets were obained. A big weld bond area can increase the weld strength of the joint but two contrary factors decrease the weld strength. The effective contrary factors are the mechanical scission and the small upper sheet thickness. High tool pressures provoke mechanical scission. The other factor is thinning of the upper sheet thickness with the plunge depth. The weld strength decreases with thinning the upper sheet thickness Badarinarayan et al., 2007) . These two negative factors lowered the weld strength beyond the 5.7 mm plunge depth.
Conclusions
From this study the following results were obtained:
1) The dwell time, tool otational speed and the plunge depth affect the FSSW nugget formation and the strength of the joint. Optimum parameters must be used to obtain high quality welds. In the study, 900 rpm tool rotational speed, 120 s dwell time and 5.7 mm plunge depth was determined as the optimal welding parameters.
2) The plunge rate of the tool has a negligible effect on the polypropylene FSSW joint strength. 3) Melting of polypropylene occurred in the vicinity of the tool pin. 4) Mechanical scission occurs in polypropylene FSSW.
